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1. Introduction
The conventional way to recycle aluminum scrap is re-melting.
Van Geertruyden et al. [1] showed that in the case of shredded light
gauge aluminum scrap the material loss by re-melting could reach
as high as 20–25%. The hot extrusion process is a very attractive
method for direct recycling of aluminum machining chips without
re-melting. This concept was introduced and patented by Stern in
1945 [2]. The extrusion process can be used for manufacturing of
ﬁnal extruded shapes as it was shown by Sharma et al. [3].
The objective of research reported in this paper is the
development and application of technology allowing manufactur-
ing of high quality extrusion proﬁles made from AA6060 aluminum
alloy chips. Gronostajski et al. [4] proposed a list of factors
contributing to mechanical properties of the chip-based extruded
proﬁles. The critical issues in the process of consolidation of
aluminum chips are sound bonding between chips and elimination
of porosity, which directly inﬂuence the mechanical properties of
the extruded proﬁles.
From the metallurgical point of view a certain level of strain is
needed in order to break oxide layers on the chips’ surface and to
achieve sound bonding of pure metal [5]. According to studies
performed by Fogagnolo et al. [6] only the combination of hot
compaction and hot extrusion led to a sufﬁcient chip bonding for the
low extrusion ratio (ratio between cross sections of the upset billet
and extrudate) of R = 6.25, while for the higher extrusion ratio of
extruded from the cast billets. It is necessary to understand 
examine different routes of chip consolidation into a billet and t
extrusion through various extrusion dies (Fig. 1) and the
combined inﬂuence on the extrudates’ ﬁnal mechanical proper
2. Billet compaction and front-pad approach
The AA6060 aluminum alloy machining chips were compac
into billets using three techniques: (1) traditional compactio
entire chips volume in one stroke, (2) multi-layer compaction a
was proposed in literature by Sopchak and Misiolek [7] for pow
compaction and (3) using the front-pad approach proposed
Galanty et al. [8], for powder extrusion.
2.1. Multi-layer billet compaction
The aim of the multi-layer billet compaction technique i
achieve higher billet density and therefore lower porosity in
extrudates. The constant mass of 550 g of aluminum chips 
compacted in one stroke on a hydraulic press in a steel tube with
inside diameter of 60 mm using a compaction force of 500
This is the highest compaction force allowing ejection of a ch
based billet without damaging it on our compaction press.
For the multi-layer technique, the same tube was used and
same mass of chips was compacted at room temperature, howe
in two, four, six and eight strokes, leading to billets consistin
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The effects of different billet preparation techniques as well as selection of various deformation routes
their inﬂuence on the ﬁnal mechanical properties in chip extrusion was studied. The AA6060 chips w
compacted into billets using various techniques and then extruded through the ﬂat-face, porthole
ECAP dies to create different deformation routes. The microstructures and the mechanical propertie
the chip extruded proﬁles were compared to cast billets extruded through the ﬂat-face die under the s
conditions. The proposed technology shows very promising results in terms of energy savings 
production of the high quality engineered aluminum proﬁles.
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ersR = 25 a cold compaction method was sufﬁcient. Research reported
by Tekkaya et al. [5] showed that the inﬂuence of the chip
morphology on tensile properties is negligible while the porthole
dies with the extrusion ratio R = 30 or higher are used. The achieved
mechanical properties were comparable to those of the proﬁles in
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http://dx.doi.org/10.1016/j.cirp.2012.03.113the same number of layers. The length of each billet with cons
diameter was measured. The billet density was calculated
dividing the constant mass of 550 g of the billets by the volum
each billet. The ﬁnal billet density, related to the theoret
density of aluminum of 2.7 g/cm3, as a function of number of lay
based on three trials per condition is presented in Fig. 2.
The results of the compaction experiments are presented
Fig. 2. The billet density increased by 4.8% and 7.5% compare
the 
incr
laye
bille
laye
repr
The 
hyd
extr
66 m
cycl
thes
resu
sing
v = 1
Fig. 
D
the t
laye
cond
intro
bon
Fig. 2
the ﬁ
billet
Fig. 3
billet
Fig. 1
chips
W.Z. Misiolek et al. / CIRP Annals - Manufacturing Technology 61 (2012) 239–242240density of a single layer billet, when the number of layers was
eased to two and to four. A further increase of the number of
rs to six and to eight resulted in a negligible increase of the
t density of 0.5% and 0.8% compared to the density of the four-
r billet. Therefore it was decided to use four-layer billets as
esentative of multi-layer compaction in the further studies.
single layer and four layer billets were extruded on the
raulic extrusion press Collin LPA250t, with a maximum
usion force of 2.5 MN. The press container has a diameter of
m. The length of the remaining discard for every extrusion
e is constant and equal to 30 mm. The extrusion die selected for
e experiments was a ﬂat-face die of 20  5 mm geometry
lting in the extrusion ratio R = 34. After the extrusion of the
le layer and four layer billets at 450 8C and a ram speed of
 mm/s, tensile tests were conducted. The results are shown in
3.
espite of a difference of 7.5% in billet density before extrusion,
ensile test results are almost identical for single layer and four
r billets. These results show that for the deformation
itions used in the extrusion trials the amount of the
duced plastic strain was sufﬁcient to guarantee sound
ding between the chips. This can be explained by the fact
that at this level of strain deﬁned by the extrusion ratio R = 34,
the deformation of individual chips resulted in breakage of the
oxide layer on the chips surface and welding of the pure metal. At
the same time the extrusion temperature of 450 8C was high
enough to provide conditions for successful bonding at applied
extrusion ram speed.
Though consolidation of chips was successful for R = 34, for the
low extrusion ratio of R = 8.6 neither single-layer nor multi-layer
billet compaction method at room temperature does guarantee
sound chip bonding after extrusion. The proﬁle surface peeled off,
as illustrated in Fig. 4, after the proﬁle exited the extrusion die.
2.2. Front-pad approach
In the current study the front-pad approach was investigated to
address the issue of satisfactory welding between the machining
chips at low extrusion ratio. As applying counter pressure by using
the front-pad approach is very helpful in creating conditions for
sound bonding for the consolidation of aluminum particles [8], the
same effect is expected for the consolidation of aluminum chips. In
the conducted front-pad approach the extrusion die oriﬁce of the
ﬂat-face die was blocked with a thin metal sheet during the chips
consolidation within the press container in order to create counter
pressure. The front-pad was extruded together with the chip-based
billet. Depending on the material ﬂow stress and the front-pad
thickness the counter pressure is controlled by building up the
compaction pressure up to the point of the front-pad strength.
The experiments were performed using front-pads of the same
aluminum alloy as the chips (AA6060) with thicknesses of 1 mm,
5 mm and 10 mm.
The chip-based billets were extruded with ram speed of
v = 1 mm/s, extrusion ratio R = 8.6 and billet and container
temperature of 450 8C resulting in delaminated extrudates similar
to one shown in Fig. 4. For the tested experimental conditions the
amount of backpressure was potentially too low to make a
signiﬁcant difference in chip bonding.
3. Extrusion die design and extrudate’s quality
The ﬁnal quality of the chip-based extruded proﬁles is a
function of the remaining porosity, the chip bonding and material
grain size, which all depend on the deformation conditions.
Another approach complimentary to billet preparation assuring
high quality of the extrudates from the machining chips, is to
design a deformation route in such a way as to guarantee sufﬁcient
. Inﬂuence of number of layers in compaction process at room temperature on
nal billet density for AA6060 aluminum alloy chips and image of a single layer
.
. The generic ﬂow diagram showing steps in direct recycling of aluminum
 as it is done in the current work.
Fig. 4. Delaminated chip-based proﬁle extruded with R = 8.6 using ﬂat-face die at
450 8C and magniﬁcation revealing chip-by-chip delamination of multi-layer
compacted billets.. Engineering stress vs. engineering strain curves for single and four layer
s after extrusion of AA6060 aluminum alloy chips at 450 8C.billet densiﬁcation and chip bonding as well as the evolution of a
desired microstructure leading to high mechanical properties.
The major extrusion parameters include the die design
representing redundant work (additional material shearing) and
friction forces within the die, the extrusion ratio R, ram speed and
extrusion temperature. These factors contribute to the develop-
ment of the ﬁnal microstructure, which is directly responsible for
the mechanical properties of the extrudates [4].
In our previous study, Gu¨ley et al. [9] have shown that for an
extrusion ratio of R = 10 the use of the ﬂat-face die does not
guarantee sufﬁcient chip bonding. Based on this analysis it was
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order to create deformation routes resulting in higher imposed
strain and higher pressure on the chips. By using a modiﬁed
porthole die it was possible to produce chip-based proﬁles with the
low extrusion ratio. Haase et al. [10] proposed the use of an Equal
Channel Angular Pressing (ECAP) die in order to improve the
mechanical properties of chip-based extrudates manufactured
with low extrusion ratios. To investigate the inﬂuence of the die
design on the ﬁnal microstructure and mechanical properties of
extrudates three types of extrusion dies with R = 8.6 were included
in the performed research. The ﬂat-face die, the modiﬁed porthole
die, which design was adopted from the application of embedding
high strength reinforcements in extrusion proﬁles [11], as well as
the ECAP die were investigated. The use of the ECAP die led to the
highest strength and ductility of chip-based extrudates for the
three dies under the considered conditions.
As the extrusion ratio and the ram speed are among major
extrusion parameters affecting the microstructure and mechanical
properties of extrusion proﬁles, the inﬂuence of these parameters
on the quality of the chip-based extrudates was investigated for
the ECAP die in the present study. The extrusion ratio was changed
from R = 8.6 to R = 34 and the ram speed was increased from
v = 1 mm/s to v = 6 mm/s. Single-layer billets with an initial
density of 78% were used for the experiments. Cast billets extruded
through the ﬂat-face die with R = 8.6 were used as a reference
material. The experiments were conducted with billet and
container temperatures of 550 8C and 450 8C, respectively.
The shape of the deformation zone for the studied extrusion
dies is presented in Fig. 5. The ﬂat-face die (Fig. 5a) is commonly
used in industrial practice to produce aluminum solid-sections,
the porthole die (Fig. 5b) is typically used to produce complex
hollow proﬁles and semi hollow proﬁles while the ECAP die
(Fig. 5c) is an experimental tool used mainly to generate ﬁne
microstructure. In our studies we used a modiﬁed porthole die, in
which the billet material ﬂows into the geometrically deﬁned
portholes and it is divided there into material strings, which are
welded into a ﬁnal solid proﬁle within the welding chamber
around the shortened mandrel. This rather unconventional
application of the porthole die is utilized in order to increase
the consolidation pressure on the machining chips and thus
increase the welding quality. In the ECAP die, the material is ﬁrst
extruded into its ﬁnal geometry and then undergoes shearing in
the ECAP turns without any further change in cross section.
Backpressure created by the ECAP turns and additional material
shearing is used to increase pressure on the chips and to reﬁne the
3.1. Evaluation of the tensile properties
True stress and true strain values at necking for the chip-ba
extrudates manufactured with the porthole and ECAP dies as w
as for a reference cast material extruded through the ﬂat-face
are shown in Fig. 6. The chip-based proﬁles extruded through
ﬂat-face die with R = 8.6 were delaminated and therefore 
evaluated in the tensile test.
The tensile tests were performed at room temperature at in
strain rate of 2.5  103 s1 using specimens fabricated paralle
the extrusion direction. The presented results are an average o
least three tensile tests. For the porthole die, the true stress valu
necking is 14% lower and the true strain value at necking is 
higher compared to the reference cast material extruded thro
the ﬂat-face die. The ECAP material has comparable strength 
about 80% higher ductility compared to the reference specim
This additional ductility can be very beneﬁcial in case of furt
mechanical processing and fabrication of the extruded proﬁle
terms of their increased formability. An increase in extrusion r
or ram speed for the ECAP die led to a slight decrease in stren
and ductility, which can be related to the increasing proﬁle 
temperature leading to softening of the extrudate.
3.2. Microstructure evaluation
The microstructure of the extruded proﬁles was characteri
using light optical microscopy under polarized light. The ima
were taken from the extrusion direction – transverse direc
plane and are showing about 60% of the proﬁle width to al
inclusion of the weld line for the porthole die.
The specimens were prepared according to metallograp
technique and then electrolytically etched using Barker’s reag
The representative images for all investigated cases are presen
in Fig. 7.
The microstructures differ between the cast and chip ba
billets and between proﬁles extruded through different extrus
Fig. 5. The metal ﬂow and compression test specimens for the extrusion dies and the corresponding maximum extrusion forces: (a) ﬂat-face die (R = 8.6), (b) porthol
(R = 8.6), (c) ECAP die (R = 8.6), (d) ECAP die (R = 34).Fig. 6. Tensile test results for AA6060 chip-based proﬁles extruded from single-
layer billets at 550 8C with different dies as well as cast reference material extruded
through the ﬂat-face die.microstructure. The maximum extrusion forces, shown in Fig. 5,
could be used as an indication of total pressure applied to the
chips. Compression test specimens of the chip-based extrudates
shown in Fig. 5 indicate anisotropic material behaviour depending
on die design. For instance, the compression test specimen in
Fig. 5b did not keep it’s round shape and became rectangular.
Additional experiments have to be conducted to analyze the
anisotropy in chip extrusion. The bonding quality of the chips
differs between compression load and tensile load as compression
test specimens fabricated with ﬂat-face and porthole dies
delaminated under compression load.
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elongated banded structure and thick peripheral coarse grain
) zone on the sample edge. The chip-based billet extruded
ugh the porthole die has a smaller PCG zone with characteristic
 weld line with equiaxed and elongated grains in weld vicinity
equiaxed grains elsewhere. The ECAP specimen (R = 8.6,
 mm/s) has equiaxed grains and a slightly smaller PCG zone.
increase in extrusion ratio led to grain growth for the chip-
d proﬁles extruded through the ECAP die. The grains remained
axed and the PCG zone is not present. For the higher ram
d, the microstructure developed as a mixture of small and big
axed grains without a PCG zone. For the combination of cold
paction and hot extrusion at the low extrusion ratio of R = 8.6
ﬂat-face die does not guarantee sufﬁcient chip bonding, which
 accordance with the ﬁndings of Fogagnolo et al. [6]. The
hole and ECAP dies did lead to sufﬁcient chip bonding and to an
ntageous microstructure, which explains the increase in
ility compared to the reference extrudate. For the porthole die,
presence of the seam weld line and of a PCG zone leads to a
r ductility compared to the ECAP die.
onclusion
he results allow us to formulate the following conclusions:
he multi-layer compaction technique allows preparation of
2. The 7.5% higher billet density achieved by multi-layer compac-
tion with four layers in comparison to single-layer compaction
did not change the mechanical properties of the proﬁles
extruded through the ﬂat-face die with R = 34.
3. The front-pad technique is a promising approach and its idea to
create a backpressure has been incorporated into the extrusion
process using more complex extrusion dies.
4. For the extrusion ratio R = 8.6 neither multi-layer technique nor
front-pad approach resulted in sound bonding of the chips while
using ﬂat-face die. Both porthole and ECAP dies created enough
strain and pressure to bond the chips.
5. Compression test specimens indicate anisotropic behavior of
chip-based extrudates depending on the die design.
6. The use of the ECAP extrusion die resulted in comparable
strength and much better ductility measured by 80% increase in
true strain at necking compared to the cast billet extruded
through the ﬂat-face die under the investigated conditions.
Higher ram speed or extrusion ratio for the ECAP die led to a
slight decrease of strength and ductility for the extrudates due
to higher deformation temperature.
7. The superior mechanical properties of the proﬁles extruded
through the ECAP die were in accordance with the micro-
structure characterization showing ﬁne uniform grains.
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